In this work, a new adsorbent, Mg/Fe/La hydrotalcite-like compound (defined as Mg/Fe/La HLc), was synthesized with a facile one-step hydrothermal method for removing fluoride from water. Several measurements, such as XRD, FT-IR, SEM, XPS and N 2 adsorption-desorption technique, were used to characterize the adsorbent and to approach into the adsorption of fluoride at the interface of water with calcined Mg/Fe/La hydrotalcite-like compound (defined as Mg/Fe/La CHLc). The experimental results have shown that the adsorption was well described by the pseudo-second-order model and followed Langmuir isotherm. The maximum adsorption capacity reached 60 mg g À1 , and the desorption could be easily realized in a aqueous Na 2 CO 3 solution, indicating that the Mg/Fe/La CHLc could be used as a potential adsorbent for effectively removing fluoride from water. The mechanisms of the adsorption might be attributed to the chemisorption due to the complexation of fluoride in water with lanthanum on the surfaces of the Mg/Fe/La CHLc, besides of the surface adsorption and interlayer adsorption due to the "memory effect" of hydrotalcite. In addition, it was found that the element of lanthanum in the adsorbent played a great role in the adsorption of fluoride in water.
Introduction
Fluoride water contamination derived from mineral weathering or chemical industry has become a worldwide concern due to its severe threat to living organisms, in particular humans.
1 Longterm ingestion of high-concentration uorides in drinking water can lead to health problems such as dental uorosis, skeletal uorosis and deformation of bones even lesions of the organs.
1,2 Unfortunately, over 200 million people in the world are inuenced by the uoride concentrations in drinking water higher than 1.5 mg L À1 , a guideline line set by WHO. 3 Therefore, it is signicant to pay attentions on uoride removal from drinking water.
The methods for removing uoride from water include precipitation, 4 adsorption, 5 electrodialysis, 6 reverse osmosis, Among them, adsorption has been considered to be the superior technique for deuoridation because of its low cost, easy operation, minimized waste disposal, environment-friendliness and applicability to decentralized water supply system. 10 Numerous natural or synthetic materials have been used as uoride adsorbents, such as red mud, alum sludge, carbon nanotubes and mixed metal oxides. [11] [12] [13] [14] [15] However, the adsorption and desorption performance was limited because of the structure of these material. It might be a good idea to use nano-scale layered materials to remove uoride from aqueous solutions.
Layered double hydroxides (LDH), also known as hierarchical anionic clays, have attracted considerable attentions due to their case applicability such as catalysts, nanotechnology and environmental decontamination. The general formula of LDH can be represented as charges of the metal hydroxide layer are balanced by interlayer anions. With thermal decomposition, LDH could turn into mixed metal oxides due to the elimination of interlayer anions. The oxides could be reconstructed into their original layered structure by adsorbing various anions in aqueous solution during the rehydration process, which is termed "memory effect". 16 Because of the high anion-exchange capacities and large surface area, the calcined LDH have been considered as effective adsorbent for removing uoride in water.
17,18
For these layered compounds, most studies focus on the aluminum-based ones such as Mg/Al LDH. 19, 20 However, the high residual concentration of aluminum aer adsorption in drinking water has been proven to be a potential risk factor for human health. 21 Recently, a large amount of researches have been done to develop iron-based adsorbents for removing hazardous anions from water. [22] [23] [24] In addition, rare earth metals (La, Ce, ect.) have been added into the oxides for uoride removal, showing a strong affinity to uoride ion due to their high electropositivity. [25] [26] [27] Accordingly, introducing La into the Mg/Fe layered compound to develop an Mg/Fe/La hydrotalcitelike compound with hierarchically porous structure might be a good adsorbent for uoride removal from water.
In this work, a new material, Mg/Fe/La hydrotalcite-like compound, was synthesized with a facile one-step hydrothermal method, and then the Mg/Fe/La CHLc was tested on the adsorption of uoride in aqueous solutions. The objectives of this study are to develop a new and effective adsorbent for uoride removal from water and to approach into the mechanisms of the adsorption and desorption uoride at the interface of Mg/Fe/La HLC/water.
Materials and methods

Reagents and chemicals
All the reagents used in the study were all of analytical grade and purchased from Sinopharm Chemical Regent Co., Ltd. (China). Ultrapure water was used throughout the synthesis and adsorption experiments.
Preparation of adsorbent
The Mg-Fe-La hydrotalcite-like compounds for a constant O with desired amount was mixed with 50 mL water, and then transferred into a 100 mL Teon-lined autoclave aer taking ultrasonic oscillation for 10 minutes and heated at 150 C for 12 h in a muffle furnace. Aer the furnace chamber cooled down, the precipitate was separated by the suction lter machine and washed with de-ionized water until the pH value was close to 7. The wet solid was slowly dried in the oven at 70 C for 10 h, and nally calcined at different temperatures (150, 300, 400, 500, 600, 700, 800 C) for 3 h to obtain Mg/Fe/La CHLc. The calcined and uncalcined ones were subsequently used for adsorption experiments.
Characterization methods
The as-prepared Mg/Fe/La HLc and Mg/Fe/La CHLc before and aer uoride adsorption were characterized by scanning electron microscopic (SEM), specic surface and pore size analysis, X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). The surface morphology of the materials were determined by SEM operating at 20 kV (JSM-IT300, JEOL, Japan). The phase components and crystallinity of the Mg/Fe/La materials were determined by X-ray Diffraction analysis (D8, Brucker, Germany). The specic surface area and pore structure of the samples (degassed at 150 C in vacuum) were conducted by nitrogen adsorptiondesorption at 77 K (V-Sorb2800P, Gold APP, China). FT-IR spectroscopy (2000, Thermo Nicolet, America) was used to detect the chemical bonds presented on the samples. Additionally, the functional groups and the chemical state of the element before and aer adsorption were determined by X-ray photoelectron spectroscopy (XPS) (2000, Thermo Electron VG Multilab, America).
Batch adsorption experiments
The uoride adsorption experiments were estimated in batch mode in terms of molar ratio of nitrate, contact time, uoride concentration and initial pH. 28 And the uoride adsorption capacity was calculated by using the following equation:
where q e is the uoride adsorption capacity of the Mg/Fe/La CHLc (mg g À1 ), c 0 is the initial uoride concentration (mg
) and c e is the uoride ions concentration at equilibrium (mg L À1 ), respectively. V is the initial volume of solution (L), m is the Mg/Fe/La CHLc weight used in the adsorption process (g).
where q t and c t is the adsorption capacity (mg g À1 ) and concentration (mg L À1 ) at time t, respectively.
Desorption and regeneration
The adsorption-desorption studies were conducted as follows: 0.5 g Mg/Fe/La CHLc was mixed with 1000 mL 5 ppm of uoride solution for 8 h for full adsorption. Aer adsorption the adsorbent was separated by ltration with 0.45 mm microltration membrane and washed several times with deionized water. The desorption studies were carried out by adding the uoride loaded Mg/Fe/La CHLc into 0.1 mol L À1 Na 2 CO 3 solution and the mixture was shaken for 8 h. Aer desorption, the adsorbent was separated by ltration as above-mentioned and dried, followed by calcination in the muffle furnace for 3 h for further adsorption experiments. The adsorption-desorption process was repeated for 5 times and the F concentration in the process was measured and recorded.
Results and discussion
Characterization of materials
The XRD patterns of the synthesized Mg/Fe/La HLc and its calcination product were shown in Fig. 1 . The characteristic peaks of the Mg/Fe/La HLc ( Fig. 1a ) (003), (006), (009), (015), (018), (110), (115) 
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SEM analyses were performed on the samples to investigate the surface morphology and the results were shown in Fig. 3 . It can be seen from the Fig. 3a , the morphology of Mg/Fe/La HLc was dominated by homogeneous, plate-like structures with visible edges and smooth surface. Aer calcinated at 600 C, a rough surface can be obviously observed in Fig. 1b , and the material presented an irregular structure. This was due to the decomposition of hydroxides into mixed oxides and a porous structure was formed during the calcination process.
Adsorption performance
3.2.1 Effect of calcination temperature. The adsorption capacity of uoride ion by Mg/Fe/La HLc calcined at different temperatures was investigated. The result presented in Fig. 4 showed that the uoride uptake capacity by the obtained adsorbent increased signicantly with the calcination temperature increasing from 150 to 600 C and peaked at 9.5 mg g À1 , indicating a great enhancement compared with the raw material without calcination. However, a further increase in the calcination temperature caused an obvious decrease in the uoride adsorption. It was implied that the Mg/Fe/La mixed oxides was formed at the calcination temperature of 600 C by losing interlayer anions and had the highest specic surface area, which is favorable for uoride adsorption. 34 However, it was transformed into a spinel and could not reconstruct the hydrotalcite-like structures leading to lose the "memory effect" and the formed pore structure may collapse when the calcination temperature is above 600 C. ) molar ratio of 1/10, which was much higher than that without La addition (6.87 mg g À1 ),
indicating that adding lanthanum to the Mg/Fe/La HLc could contribute to improve the adsorption capacity of Mg/Fe CHLc for uoride uptake. Reasons for this enhancement can be ascribed to the stronger affinity between La and uoride ion than Fe. 15 However, the decreased uptake capacity with the further increasing percentage of La may be due to that the larger ion radius of lanthanum (0.1032 nm) than iron (0.055 nm), lead to impede the easy intercalation of La 3+ in the hydrotalcites galleries. 36 Considering the removal efficiency and economic cost, the molar ratio for La 3+ /(Fe 3+ + La 3+ ) of 1/10 (corresponding to a La 3+ percentage of 2.5%) was selected for the further studies. 
Effect of initial solution pH.
In adsorption technology, the initial pH in solution is an important parameter inuencing the uoride adsorption performances on medium, since it controls the interface at the adsorbent and aqueous solution. The effects of the initial pH on the uoride adsorption performance by Mg/Fe/La CHLc were investigated and the results were shown in Fig. 6 . Obviously, the asprepared Mg/Fe/La CHLc material had a deuoridation performance within a wide pH range from 6 to 9, and the optimal pH for uoride sorption was found at about 6.8, with the highest capacity of 9.19 mg g À1 . At alkaline condition, the adsorption capacity decreased when pH value was higher than 8. It can be seen from Fig. 6 , the Zeta potential of the adsorbent decreased with the increased of pH value, the surface of the material was negatively charged when pH > 8, leading to the electrostatic repulsion of Mg/Fe/La CHLc to uoride ions, namely, the adsorbent was unfavorable for the uoride adsorption when pH > 8. The competition between uoride ions and hydroxyl ions on the Mg/Fe/La CHLc active adsorption sites in alkaline solution is another reason for the observation. Aer adsorption, the equilibrium pH of the solution increased compared to the initial pH value, which can be attributed to the Mg/Fe/La mixed oxides change to Mg/ Fe/La mixed hydroxyl during the rehydration reaction in the uoride adsorption process.
Adsorption kinetic.
Two kinetic models such as pseudo-rst-order eqn (3), pseudo-second-order models eqn (4) were mathematically simulate the kinetics experimental data, the equations are given as:
where q t is the amount of uoride adsorbed (mg g À1 ) at time t, q e is the amount of uoride adsorbed (mg g À1 ) at equilibrium,
) is the equilibrium rate constants of the kinetics model.
The kinetics results by linearized version of F adsorption on Mg/Fe/La CHLc were described in Fig. 7(a) and (b) , and the associated kinetic parameters were summarized in both suggesting that the adsorption kinetic of uoride on Mg/ Fe/La CHLc in water follows the pseudo-second-order model and implying that the adsorption process was chemisorption. 3.2.5 Adsorption isotherm. The adsorption isotherm of uoride on Mg/Fe/La CHLc was shown in Fig. 8 . The Langmuir eqn (5) and Freundlich eqn (6) model were used to regressively stimulate the experimental adsorption isotherm data. The models can be expressed by the following formulas:
where c e is the equilibrium concentration (mg L À1 ) of uoride, ), and n is the adsorption intensity. As showed in Fig. 8 Table 4 ). Although the adsorption capacity of some adsorbents like La modied seaweed was higher than that of Mg/Fe/La CHLC, the reaction time was longer and the preparation method was more complicated. 41 It was suggested that The Mg/Fe/La CHLc is a potential new material as an adsorbent for F removal in terms of higher adsorption capacity or shorter operation time.
Adsorption mechanism
To further understand the adsorption mechanism of F on Mg/ Fe/La CHLc in water, the samples before and aer uoride adsorption were further investigated using SEM, N 2 adsorptiondesorption, FT-IR and XPS analytical technique.
From Fig. 3c , it was found that the sheets of Mg/Fe/La CHLc-F became more outstretched and the morphology look like petal shaped, which was similar to the Mg/Fe/La HLc. This phenomenon can be descripted as the uoride ions penetrating into the aperture of the sheets or adsorbed on the interlayer domain of Mg/Fe/La CHLc, which leads to the expansion of the platelet and the crystal structure reconstruction. The BET surface area of Mg/Fe/La CHLc aer adsorption decreased from 59.3 m 2 g À1 to 27.9 m 2 g À1 , while the pore volume decreased from 0.347 cm 3 g À1 to 0.249 cm 3 g À1 (Table 1 ). This phenomenon was due to that the uoride effectively adsorbed onto the Mg/Fe/La CHLc surface, indicating that surface adsorption played an important role during the uoride adsorption by the hierarchically porous Mg/Fe/La CHLc. The FT-IR spectra of the adsorbent before (b) and aer uoride adsorption (c) were given in Fig. 2 . In comparison with virgin material, the Mg/Fe/La CHLc aer adsorption of uoride appeared a sharp peak at 3696 cm À1 , meanwhile, the OH group shied and decreased. The results suggested that OH group involved in the uoride adsorption reaction, which is consistent with the mechanism of the Mg/Fe/La mixed oxide for uoride removal. 15 The peak at 856 cm À1 (Fig. 3b) , which was attributed to the La-O bond vibration, decreased aer adsorption and a new peak 1384 cm À1 (Fig. 3c ) appeared, indicating that interaction occurs between La-O band and uoride in the adsorption process, 42 the specic mechanism of La for uoride removal is further analysis by the XPS technique as follows.
XPS survey spectra and high-resolution XPS spectra of O1s, La 3d of Mg/Fe/La CHLc before and aer uoride loading were conducted to further study the mechanisms of uoride adsorption on Mg/Fe/La CHLc as shown in Fig. 9 . It can be seen a new peak at 684.53 eV appeared aer adsorption of uoride, Pseudo-rst-order kinetics Pseudo-second-order kinetics indicating that uoride was effectively adsorbed onto the adsorbent, which matched the results of relative atoms amounts (%) listed in the Table 5 . The high-resolution spectra of the O1s and La 3d for the Mg/Fe/La CHLc before and aer F adsorption in water were shown in Fig. 9b- 
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The peaks of position O1s shied to lower binding energy aer uoride adsorption, indicating that relevant interactions occurred between the Mg/Fe/La CHLc and uoride ion. In addition, the relative area ratio of O 2À decreased from 54.17% to 8.36%, whereas the percentage of -OH increased from 42.13% to 91.64% (Table 6 ). This can be interpreted as the state of oxygen changing from O 2À to -OH during the rehydration process. As shown in Fig. 9(d) and (e), the intensity and relative area ratio of 3d3 was markedly decreased aer adsorption; meanwhile, two peaks appeared at 834.7 and 837.0 eV, which attributed to the LaF 3 . From the above analysis, the mechanism for uoride removal by Mg/Fe/La CHLc was explained as follows in detail:
The containing carbonates and hydroxyl in the interlayer of Mg/Fe/La HLc lost and layered double hydroxide decomposes into mixed metal oxides by thermal treatment (eqn (7)). The Mg/Fe/La CHLc can be rehydrated and incorporate uoride ion in the interlayer to rebuild the original structure (eqn (8) 
The active component of lanthanum oxide on the Mg/Fe/La CHLc presented complexation with hydroxyl during the rehydration process (eqn (9)). Due to that the hydroxyl compounds of lanthanum has strong affinity for uoride, a complexation occurred between uoride ion and lanthanum (eqn (10)). Moreover, uoride and hydroxyl have similar hydrated ionic radius, which resulted in the competition between uoride and hydroxyl (eqn (11)). It can be interpreted the surface complexation and ion exchange coordinated to lanthanum immobilized on Mg/Fe/La CHLc.
Therefore, the adsorption of uoride on the Mg/Fe/La CHLc was resulted from the chemisorption from the complexation of uoride in water with the lanthanum on the surface of Mg/Fe/La CHLc, and also the surface adsorption by the porous structure and interlayer adsorption due to the "memory effect" of hydrotalcite.
Desorption and regeneration
To reduce the cost, environmental pollution and assess the reusability of the Mg/Fe/La CHLc, desorption and regeneration performances for re-use of the adsorbent were investigated. Desorption of the used Mg/Fe/La CHLc was performed in 0.1 M Na 2 CO 3 solution and separated by ltration, then calcined in the muffle furnace to regenerate the Mg/Fe/La CHLc. The adsorption capacity at different regeneration cycles were conducted up to ve times and the results were shown in Fig. 10 . The value of regeneration cycle 0 corresponds to adsorption amount of fresh Mg/Fe/La CHLc. With the increasing regeneration times, the adsorption capacity showed a slight decrease and then reached a plateau aer 4 times regeneration. Aer 5 times of desorption-regeneration cycle, the adsorption capacity of uoride still achieved a value as high as 5.9 mg g À1 . In addition, it was also found that the adsorbent without calcination aer Na 2 CO 3 desorption can also showed a deuoridation performance, however, at a very low value (data not shown). This suggested that CO 3 2À can replace the uoride ion in the interlayer during the rehydration process, and re-build the structure of Mg/Fe/La HLc. Therefore, the Mg/Fe/La CHLc used as an adsorbent for deuoridation is relatively reversible and can be effectively regenerated via Na 2 CO 3 desorption.
Conclusions
(1) In this work, the Mg/Fe/La CHLc material was synthesized through a facile one-step hydrothermal method and calcination at 600 C. The Mg/Fe/La CHLc has shown a high adsorption capacity to uoride in water, and could be easily regenerated with an aqueous Na 2 CO 3 solution, indicating that it could be This journal is © The Royal Society of Chemistry 2017 a potential and effective adsorbent for removing uoride from water.
(2) In the Mg/Fe/La HLc, the element of lanthanum played a signicant role for the adsorption of uoride in water.
(3) The adsorption of uoride on the Mg/Fe/La CHLc in water might be attributed to the chemisorption due to the complexation of uoride in water with the lanthanum on the surface of Mg/Fe/La CHLc, besides of the surface adsorption and interlayer adsorption due to the "memory effect" of hydrotalcite.
(4) The adsorption followed the Langmuir isotherm and tted to the kinetics of pseudo-second-order model the maximum adsorption capacity was 60 mg g À1 for uoride.
